We present SIMHYB, a Java-based software for the simulation of mixed hybridizing populations. The software incorporates user-defined initial parameters and input files to account for the initial census size of two species in a closed population, the number of intermediate specific classes, the directional fertility among specific classes, the fitness coefficients for each specific class, the inheritance of fitness, and the degree of ageing and self-incompatibility of the individuals. All these demographic and adaptive parameters can be modified by the user to analyze their effect on the evolution of the mixed population. SIMHYB allows the traceability of each individual, whose pedigree is also recorded. For each simulated generation the software yields an output file that is easily convertible to an input for STRUCTURE, one of the most popular softwares for the Bayesian analysis of populations. Application of SIMHYB to simulate Quercus ilex and Q. suber hybridizing populations, and further analysis with STRUCTURE, reveals that advanced introgressed individuals are very often misclassified with the currently available set of nuclear microsatellite markers, so that introgression between these two species could have been underestimated in previous studies. However, we provide a simple parameter based on STRUCTURE results to identify the directionality of pollination in the progeny of a known mother tree.
Introduction
Hybridization and introgression have presumably played a key role in the evolution of plants and, probably to a minor extent, of animals (Mallet 2005) . Gene transfer can provide the hybridizing species with new adaptive skills, making them able to endure new environmental stresses or to colonize new habitats (Rieseberg et al. 2003 , Petit et al. 2004 , or can even lead to the appearance of new species (Seehausen 2004) . Identification of hybrid individuals has traditionally been based on phenotypic characters. However, such identification is not always obvious, and in the last decades genetic information based on molecular markers has been used for this purpose. Depending on the molecular marker of choice, inferences about evolutionary or population processes can be obtained at different time scales. Molecular markers from organellar DNA have been successfully used to infer ancient hybridization in plants, for instance, in the case of Quercus ilex and Q. suber (Jiménez et al. 2004 , Lumaret et al. 2005 , Magri et al. 2007 ). Nuclear molecular markers combined with Bayesian approaches have been used for the identification of hybrid individuals in populations, according to the posterior probability of each individual to belong to any of the parental species genetic clusters. This approach was applied by Burgarella et al. (2009) in sympatric Q. ilex -Q. suber populations, estimating a current introgression rate of <2%. Later on, this procedure has been applied in studies for many other species, including animals (Neaves et al. 2010 , Bogdanowicz et al. 2012 , Malde et al. 2017 .
Before proceeding to the quantification of introgression rates, the detection power and accuracy of the set of markers used to identify hybrid individuals needs to be estimated. According to this detection power, a threshold to classify a particular individual as a hybrid can further be established. This task is usually performed using virtual individuals whose actual specific category is accurately known. The aforementioned works usually employ software such as HY-BRIDLAB (Nielsen et al. 2006 ) for this purpose. In these types of programs, the generation of a virtual hybrid genotype is performed by drafting an allele from each genetic pool (parental species) at each locus, according to the specific allele frequencies provided by the user. The same procedure is followed to obtain F2 or backcrosses, considering the F1 hybrid pool as a parental species.
Here we present SIMHYB, a software that follows a different approach, since it allows the simulation of the evolution of a mixed hybridizing population throughout generations, as well as the complete traceability of each individual pedigree. Thus, the expected contribution of each parental species to the genome of any individual is perfectly known. The program also allows the analysis of the effect of demographic and selective factors on the evolution of the population. SIMHYB provides an output easily convertible to an input file for STRUCTURE (Pritchard et al. 2000) , one of the most commonly used softwares for the Bayesian analysis of populations and detection of hybrids.
As a case study, we have simulated Q. ilex and Q. suber hybridizing populations, considering nine widely used nuclear microsatellites. Further analysis of the SIMHYB output individuals with STRUCTURE have revealed that introgression between these species could have been underestimated in previous studies.
Material and methods

Conceptual approaches
SIMHYB was programmed in Java 8, and runs in any computer with an OS that allows for Java (https://www.java.com/), or OpenJDK (http://openjdk.java.net/): Linux/ Unix, Microsoft Windows, Mac OS X, and other platforms. The software is available at: http://www.gfhforestal.com/software.
Input files and parameters
Before starting the simulation, an interface window appears where the user must define the simulation parameters and input files (the Instructions Manual provided with the software includes examples of these input files). The user can define the population size for each species, considering only adult individuals. The size of the global population will be fixed throughout the simulation. The user must also provide the file with the loci and the allele frequencies of each species. Another important input file includes the specific classes and the fitness coefficient corresponding to each class. The user can define as many specific classes as desired, intermediate between the two pure species included in the original population, and can establish the limits of each class, according to the so-called "species coefficient". Fertility among the different specific classes, which takes into account the pollination direction, is also defined as an input. Maternal or paternal inheritance of the chloroplast is also defined in this interface.
Simulation run
SIMHYB creates an initial population with the specified number of adult individuals per species. Each individual has a multilocus genotype, with alleles drafted according to the allele frequencies provided by the user. The fitness coefficient of each individual corresponds to the one defined in the input, considering also the intraspecific variability εsp. Once the initial population is created, SIMHYB simulates successive "generations", in which new individuals are incorporated to the reproductive population while other individuals disappear (Fig. 1) .
Each cycle or generation includes four phases: (1) reproduction; (2) ageing; (3) selection; and (4) standardization. No spatial restriction is considered in the current version of SIMHYB for reproduction (phase 1), i.e., pollen from any individual can reach the flowers of any other tree with equal probability. The spatial positions of the individuals are not reckoned in SIMHYB and, accordingly, there is no isolation by distance. The probability of obtaining a viable cross is firstly determined by the fertility coefficients defined in the input file "fertility.txt", according to the specific classes of the mother tree and the pollen donor. After that, effective pollination is limited by self-incompatibility, if this option is selected. SIMHYB considers gametophytic self-incompatibility driven by a single locus. Doing so, one of the alleles at this locus from the pollen donor is randomly selected and compared with both alleles of the mother tree. After passing these barriers, the new individual will carry at each locus one of the alleles of each parent, randomly selected, and the chloroplast and mitochondrial DNA of the corresponding parent, as specified by the user. The species coefficient of the new individual will be the average of the parents' values, so it becomes a precise estimation of the contribution of each genetic pool (pure species) to the genome of the individual. A new fitness coefficient will be assigned to the new individual according to the following formulas (eqn. 1, eqn. 2):
(1) (2) where fsp is the fitness coefficient corresponding to the specific class of the new individual, fh is the fitness inherited from the parent trees, εh is a variability parameter, to include variability among full-sibs, and wh and wsp are weights, established by the user.
Ageing (phase 2) affects each individual fitness every cycle, according to this formula:
where ft is the fitness coefficient t cycles after birth, f0 is the initial fitness, at the time iForest 11: 99-103 
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of birth, a is the ageing coefficient, and b is the linearity coefficient, which varies between 0 and 1. However, the user should be cautious with high values of b, since they can lead to virtually eternal individuals (see below). Selection (phase 3) takes place at this moment, and the N (population size, defined by the user) individuals with the highest fitness coefficients are selected and remain in the reproductive population, while the other individuals die. In the last step of the simulation, standardization (phase 4), the fitness coefficients are normalized between 0 and 1 (this way, if high b and wh have been selected, certain individuals can keep very high fitness values along the generations).
Output files
The user can select to finish the simulation when one of the chloroplasts is completely replaced by the other one or after a desired number of cycles. SIMHYB provides as output a picture of the complete evolution of the population, as a series of "snapshots" after each reproductive cycle in a single .csv file where each individual appears as a row. The first row includes the headings of the first ten columns, while the second row includes the name of the loci included in the genotypes. The next rows correspond to the individuals in each generation ("snapshot" of the population). Each individual appears in a row, including its ID, species coefficient, father, mother, chloroplast, mitochondria, current generation, generation of birth, generation of death, fitness coefficient at the current generation, and the genotype, including the diploid self-incompatibility locus and the neutral loci defined by the user. This way, the output file is easily convertible into a STRUCTURE input file, simply removing the non-desired rows. Columns 3 to 12 could be considered as extra-columns in STRUCTURE analysis.
Case study: hybridization and introgression in the Quercus ilex × suber complex
In order to confirm the full operability of the software, a simulation study was performed on the Q. ilex and Q. suber hybridizing complex employing nine microsatellites that are commonly used to address hybridization in these species: MSQ4, MSQ13 (Dow et al. 1995) , QpZAG9, QpZAG15, QpZAG36, QpZAG46, (Steinkellner et al. 1997) , QrZAG7, QrZAG11 and QrZAG20 (Kampfer et al. 1998) . We used the allele frequencies obtained for the pure Q. ilex and Q. suber individuals identified in Burgarella et al. (2009) , covering the whole distribution range of Q. suber. We run several simulations with a variable number of input parameters to produce pure and hybrid individuals of known pedigree. The output of the simulations was downstreamed to STRUCTURE 2.3.4 (Pritchard et al. 2000) , and the individual q values of the offspring, and the ratio between the offspring and the maternal q were calculated to infer the detection power of the aforementioned microsatellites in identifying hybrids and advanced introgression. For STRUCTURE analyses we used the admixture model assuming independent allele frequencies, a burn-in of 50,000 steps followed by 100,000 iterations, as in Burgarella et al. (2009) . Results do not vary significantly across multiple runs and with longer burn-in/iteration cycles. Statistical analyses were performed using the R software (R Core Team 2013).
Results and discussion
Case study: hybridization and introgression in the Quercus ilex × suber complex
The simulation of the evolution of mixed, hybridizing Q. ilex and Q. suber populations, confirmed the full operability of SIMHYB. In the simulations reported here, we defined seven specific classes. A species coefficient of 0 was assigned to pure Q. suber individuals in the initial population, and 700 to pure Q. ilex individuals (Tab. 1). The output of SIMHYB provided hybrid and iForest 11: 99-103 101
Tab. 1 -Specific classes defined in the simulation, with the corresponding range for the SIMHYB specific coefficient. The expected values (average and range, in brackets) for each category of the qs provided by STRUCTURE are also included. Tab. 2 -Example of assignation of simulated individuals to specific categories according to STRUCTURE qs. Simulated population includes 5% of first generation hybrids (specific category 4) and 5% of advanced introgressed individuals (categories 2 and 6).
Specific coefficient
True specific category STRUCTURE-assigned specific category (%) Total number 1 2 3 4 5 6 7 0 1 100.00 
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Soto introgressed individuals whose pedigree could be easily reconstructed, and whose species coefficient provided a direct quantification of the contribution of each species to its genome. Tab. 1 includes the expected values of q, the probability of an individual to belong to the Q. suber cluster, provided by STRUCTURE. This parameter can be used to detect hybrid individuals (Burgarella et al. 2009 ) and is frequently considered a proxy of the contribution of one species to the genome. Burgarella et al. (2009) reported a good performance of STRUCTURE and this set of markers for the detection of first generation hybrids and first backcrosses, in terms of efficiency and accuracy (sensu Vähä & Primmer 2006) . On the contrary, we have detected a high proportion of wrong assignations for advanced introgressed individuals (hybrid individuals corresponding to further backcrosses). In a scenario of a low hybridization rate as the one reported by Burgarella et al. (2009) a high percentage of advanced introgressed individuals could go unnoticed with this set of markers. Tab. 2 and Fig. 2 summarize the results obtained for a simulated population with a 5% of first generation hybrids and a 5% of advanced introgressed individuals, highlighting the wrong assignations particularly for this latter group. Results for other simulated populations are provided in Tab. S1 to Tab. S4 in Supplementary material. However, since SIMHYB provides individuals of known pedigree, we performed direct comparisons of the q parameter provided by STRUCTURE for different individuals and for their parents. Our results show that the ratio qoffspring/qmother helps to assess the specific identity of the pollen donor. If this ratio is higher than 1, the pollen donor should have been a Q. suber individual (or, at least, an individual with a higher proportion of Q. suber genome than the mother tree), while, if the q ratio is lower than one, the pollen donor belongs to the Q. ilex group. Fig. 3 shows an example of how this parameter behaves in the case of backcrosses rightly and wrongly assigned based exclusively in the STRUCTURE q parameter.
Conclusion
SIMHYB is a user friendly software for the simulation of hybridizing populations, and the output provided is easily convertible into an input file for STRUCTURE, one of the most popular software packages for the analysis of admixture using genotypic data. It can be used both for research and for educational purposes, to analyze the effect of the different factors influencing the evolution of hybridizing populations, such as population size, inter-and intraspecific fertility, directionality in the effective pollination, selective advantage (fitness), ageing, etc.
Application to Q. ilex and Q. suber with a set of commonly used nuclear microsatellite markers has revealed that advanced introgression could have been missed in previous studies, so that rates of current hybridization between these species could have been underestimated. Nevertheless, we have found that ratio of the q parameter provided by STRUCTURE for a seedling and for its mother tree provides a good indication of the specific identity of the pollen donor. iForest 11: 99-103 
